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ELECTROCHEMICAL SYNTHESIS OF N-METHYLPYRROLE AND               
N-METHYLCARBAZOLE COPOLYMER ON CARBON FIBER 
MICROELECTRODES: ELECTROCHEMICAL RESPONSE TO DOPAMINE 
SUMMARY 
Copolymer films of N-methylpyrrole (N-MPy) and N-methylcarbazole (N-MCz) 
were synthesized electrochemically onto a few single carbon fiber microelectrodes. 
Deposition conditions on the carbon fiber and influence of the monomer 
concentrations to the copolymerization as well as the electrochemistry of the 
resulting homopolymers and copolymers were studied using cyclic voltammetry, 
FTIR-ATR, in-situ spectroelectrochemistry, UV-Vis spectrophotometer and four-
point probe conductivity. Effect of the monomer ratio on the formation of the 
copolymer was reported. A novel type of voltammetric electrode based on 
conducting polymers has been developed and used as a sensing unit of a sensory 
system, in which Poly[N-MPy-co-N-MCz] modified carbon fiber microelectrodes 
(CFMEs) was tested for its biosensor behaviour (reversibility) against dopamine.  
The CFME shows quasi-reversible and stable behaviour during the 20 days and it 
seems to be a suitable sensor electrode to dopamine. 
One of the problems involving conducting polymers is the difficulty of solubility in 
any solvent because of their delocalized π electronic structure, which is the very 
same molecular characteristic that gives rise to properties necessary for practical 
applications. When electronic properties are important, copolymerization starting 
from two conducting monomers that are substituted by alkyl group is more favorable. 
The copolymerization reactions of film were performed under different experimental 
conditions in order to get more information about the mechanism. The proper 
stability of radical cations is related to the solvent effect.  That is, in order to obtain 
the products in the form of precipitates, the selection of proper solvents is important. 
The electrochemical polymerization of Poly[N-MPy-co-N-MCz] was also studied in 
the mixture of acetonitrile and water. In the presence of water, an increase in water 
content is resulted a decrease in deposition of the copolymer.  
Electrochemical and spectroscopic properties of a copolymer of N-MCz and N-MPy 
was studied by CV, FTIR-ATR and UV-Visible. The copolymer film of N-MCz and 
N-MPy is insoluble. UV-Visible absorption spectra of the copolymer have been 
obtained for solid film on ITO for neutral and doped form. 
Factors affecting the electrocopolymerization are investigated to control 
experimental conditions. Electrocopolymerization are related to a lot of conditions 
and parameters such as, consantration, monomer ratio, temperature, electrolyte, 
number of carbon fiber, scan rate. Number of carbon fiber is very important to obtain 
reliable results because of their micro structure. In this study a new method 
developed to find number of CFME.  
 xi 
Cyclic Voltammetry Study 
Obtaining electrically conductive and redox active random copolymer by 
electropolymerization of heterocyclic monomer depends on the oxidation potential of 
the corresponding monomers. In the case of monomer such as methylcarbazole 
having a high oxidation potential compared to its polymer, the high applied potential 
cause some degradation on resulting polymer. This problem can be overcome by 
extending the conjugation of monomer by introducing different monomers having 
lower oxidation than MPy results in significant reduction in the oxidation potentials. 
After the electrochemical polymerization of methylcabazole, polymer was brittle and 
almost soluble in acetonitrile. In this study, the electrocopolymerization of 
methylcarbazole with methypyrrole was studied order to improve the properties of 
methylcarbazole. The oxidation potential of the mixture of MPy and MCz is lower 
than that of methylcarbazole.  
Solid State Conductivity  
Polymer films of Poly[N-MCz] and Poly[N-MPy-co-N-MCz] were electrografted by 
galvanostatic way (constant current) onto platin electrodes. Obtained polymers were 
removed from electrode surface and prepared as pellet and used for solid state 
conductivity measurements. The solid state conductivity and charge versus initial 
monomer concentration for Poly[N-MCz] were given in table1.  
Table 1 Effect of feed ratio of [N-MCz]0/[N-MPy]0 on solid state conductivity, 
charge and yield, the concentration of NMPy was stay constant [N-MPy]0=0.01 M 
during copolymerization  
[N-MCz]0 Yield % 
Conductivity, 
mScm
-1 Charge, mC 
0.001 14.02 1.26 1.44 
0.002 20.06 1.95 2.16 
0.005 40.50 2.90 2.99 
0.01 59.42 3.56 3.60 
[N-MCz]0/[(N-MPy]0 Yield % 
Conductivity, 
mScm
-1 Charge, mC 
1 35.12 4.20 1.80 
2 40.20 3.87 1.35 
5 52.29 2.70 1.08 
10 61.87 0.43 0.13 
 
Conductivity of resulting polymer film, yield % and charge which was applied for 
the formation of such film versus concentration of monomer is in parallel line. The 
solid state conductivity of the resulting polymer and charge which was applied for 
the formation of such film versus concentration of monomer. In the case of the 
copolymer, conductivity and charge decreased with the increase of N-MCz 
concentration (Table 1). 
 xii 
Comparison between cyclic volammetry and solid state conductivity 
measurements 
It was also found that the peak current densities of electrogrowth of the copolymer 
films obtained by cyclic voltammetry measurements are well correlated to the 
conductivities of the corresponding films (Figure 1) which is measured separately by 
four-point probe method at the end of coating, allowing ,one to use the current of 
peak currents for the prediction of final copolymeric film conductivities during the 
electrochemical growth process. 
 
 
 
 
 
 
 
 
 
 
Figure 1 Comparison the peak current densities of electrogrowth of the copolymer 
films obtained by cyclic voltammetry measurements and solid state conductivity at 
different monomer ratios. 
Electrohemical Response to Dopamine 
Polymer modified electrodes were tested for their response to dopamine in the 
potential range between –1.0 and 0.75 V vs. Ag wire at 500 mVs-1 scan rate. E1/2 
(formal potantial) values are determined for the polymer electrodes. All polymer 
electrodes show quasi-reversible behaviour against dopamine. It can be seen that E1/2 
of the copolymers are smaller than the homopolymers of N-MPy and N-MCz. The 
modified CFME shows quasi-reversible and stable behaviour during the 20 days and 
it seems to be a suitable sensor electrode to dopamine. 
Table 2 Formal potentials changes of P[N-MPy], P[N-M-Cz] and P[N-MPy-co-N-
MCz] coated CFMEs in dopamine by days. 
Modified carbon fiber 
Days tested against 
Dopamine 
E1/2(mV) 
 
1
st
 Day 
 
10
th
 Day 
 
20
th
 Day 
 
40
th
 Day 
Poly[N-MPy] 150 50 45 --- 
Poly[N-MCz] 100 90 70 --- 
Poly[N-MPy-co-N-MCz] 75 50 45 --- 
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N-METİLPİROL VE N-METİLKARBAZOL KOPOLİMERİNİN KARBON 
ELYAF MİKRO ELEKTROTLAR ÜZERİNE ELEKTROKİMYASAL 
SENTEZİ: DOPAMİNE KARŞI ELEKTROKİMYASAL DAVRANIŞI 
ÖZET 
N-Metilpirol ve N-Metilkarbazolün kopolimer filmleri karbon elyaf mikroelektrotlar 
üzerine elektrokimyasal yöntemle sentezlendi. Karbon elyaf üzerine birikme 
koşulları, monomer konsantrasyonunun kopolimerizasyona etkisinin yanısıra CV, 
FTIR, in-situ spektroelektrokimya, UV Visible spektrofotometre ve dört nokta prob 
iletkenlik yöntemleri kullanılarak homo ve kopolimerin elektrokimyası çalışıldı. 
Monomer oranının kopolimer oluşumundaki etkisi kaydedildi. Ġletken polimerlere 
dayanan yeni bir voltametrik elektrot geliştirildi ve biyosensör sisteminin birimi 
olarak kullanıldı. Poli[N-MPy-co-N-MCz] kopolimeriyle düzenlenmiş karbon elyaf 
mikroelektrotların dopamine karşı biyosensör davranışı (tersinirliği) test edildi. Kaplı 
elekrotlar ilk 20 gün içerisinde yarı tersinir özellik ve kararlı davranış sergilediler. Bu 
özellikleri onların dopamine karşı uygun bir sensör elektrodu olacağını 
göstermektedir. 
Ġletken polimerlerle çalışmanın en önemli zorluklarından biri elektronik yapıları 
sebebiyle çözünürlük problemi görülmesidir. Elektronik yapılarına uygun çözücüler 
içerisinde uygulamalar gerçekleştirilebilir. Böyle durumlarda kopolimerizasyona 
alkil sübstitüent içeren monomerlerle başlamak en uygun yöntem olduğu 
gözlenmiştir. 
Kopolimerizasyon reaksiyonları mekanizma hakkında daha fazla bilgi sahibi 
olabilmek için farklı deney koşullarında gerçekleştirilmiştir. Elektrod yüzeyinde 
polimerin birikebilmesi için uygun çözücü seçimi önemlidir. Bazı araştırmacılar 
tarafından birçok aromatik bileşik için uygun çözücü ve uygun elektrokimyasal 
koşullar saptanmıştır. Poli[N-MPy-co-N-MCz] kopolimerinin elektrokimyasal 
polimerizasyonu aynı zamanda asetonitril-su karışımlarında gerçekleştirilmiştir. Su 
oranı arttıkça elektrot yüzeyindeki polimer oluşumu azalmaktadır. Tek başına 
asetonitril ortamına göre çözeltiye geçen oligomerler daha hızlı olmaktadır. Su oranı 
arttıkça polimerizasyonun engellendiği gözlenmiştir. 
Poli[N-MPy-co-N-MCz] kopolimerinin elektrokimyasal ve spektroskopik özellikleri 
CV, FTIR-ATR ve UV Visible yöntemleriyle çalışıldı. N-MCz ve N-MPy kopolimer 
filminin çözünmediği görüldü. ITO üzerine kaplanan kopolimer filmin nötral ve 
doplanmış hallerine ait UV Visible absorpsiyonu elde edildi.  
Deneysel koşulları kontrol edebilmek için elektrokimyasal polimerizasyonu etkileyen 
faktörler incelendi. Elektrokimyasal polimerizasyon, konsantrasyon, sıcaklık, 
elektrolit, karbon elyaf sayısı, tarama hızı gibi çok sayıda koşul ve parametreyle 
değişkenlik gösterir. Karbon elyafların çok küçük yapıda olması sebebiyle hassas 
çalışılması gerekmektedir. Daha kesin sonuçlar elde edebilmek için karbon elyaf 
sayısının bulunması yöntemi geliştirilmiştir. 
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Döngülü Voltammetri Çalışması 
Ġletken veya redoks aktif heterosiklik monomerlerin kopolimer oluşumları herbir 
monomerin oksidasyon potansiyeline bağlıdır. Oksidasyon sırasında aynı zamanda 
homopolimerinde elektrot yüzeyinde oluşması mümkündür. Metilkarbazol gibi 
polimerine göre daha yüksek oksidasyon potansiyeline sahip monomerler yüksek 
potansiyelden dolayı polimerleri oluştukça parçalanmalar olabilir. Bu problem başka 
bir monomerin katılmasıyla ve bu şekilde konjugasyonun arttırılması ile çözülebilir. 
Metikarbazolün elektrokimyasal polimerizasyonu sonucu oluşan polimer büyük 
oranda çözünen türde oligomerler olması ve oluşan yapının kırılgan olması nedeniyle 
polimetilkarbazolün bu eksikliklerini modifiye etmek amacıyla metilpirol 
monomeriyle kopolimerizasyon çalışmaları yapılmıştır. Kopolimerin oksidasyon 
potansiyeli metilkarbazole göre daha düşük elde edilmiştir. Kopolimerizasyon 
sırasında elektrot yüzeyinde oluşan polimer miktarı polikarbazol ile karşılaştırmalı 
olarak incelenmiştir.  
Katı İletkenlik Ölçümleri 
Poli[N-MCz] homopolimeri ve Poli[N-MPy-co-N-MCz] kopolimeri galvanostatik 
(sabit akım) yöntemle platin elektrotlar üzerine kaplanmıştır. Elde edilen 
polimerlerin bir de sabit [N-MPy]0 başlangıç monomerine karşılık farklı [N-MCz]0 
konsantrasyonları kullanılarak homopolimer ve kopolimerin katı hal iletkenliği, 
uygulanan yük miktarı ve % verim ilişkisi incelenmiştir. Başlangıç monomer 
konsantrasyonunun artışıyla homopolimerin % veriminin, katı hal iletkenliğinin ve 
film oluşumu esnasında uygulanan yük miktarının ve doğru orantılı olarak arttığı 
görülmüştür. Oluşan kopolimerin ise % veriminin başlangıç monomer 
konsanrasyonuna bağlı olarak arttığı, buna karşılık, karşılık iletkenlik ve yük 
değerlerinin azaldığı görülmüştür (Tablo 1). 
Tablo 1 Farklı monomer konsantrasyonlarında elde edilen Poli[N-MCz] ve Poli[N-
MPy-co-N-MCz] kopolimerinin % verim, katı iletkenlik ve yük sonuçları. 
[N-MCz]0 % Verim 
İletkenlik, 
mScm
-1 Yük, mC 
0.001 14.02 1.26 1.44 
0.002 20.06 1.95 2.16 
0.005 40.50 2.90 2.99 
0.01 59.42 3.56 3.60 
[N-MCz]0/[(N-MPy]0 % Verim 
İletkenlik, 
mScm
-1 Yük, mC 
1 35.12 4.20 1.80 
2 40.20 3.87 1.35 
5 52.29 2.70 1.08 
10 61.87 0.43 0.13 
 
 xv 
Döngülü Voltammetri ve Katı iletkenlikleri Arasındaki İlişki 
Polimerizasyon sırasında elde edilen döngülü voltammetri sonuçları, dört-nokta prob 
ile elde edilen katı iletkenlik sonuçlarıyla (Grafik 1) bağlantılı olduğu gözlenmiştir. 
Grafik 1 Kaplama esnasında döngülü voltmetreyle ölçülen akım yoğunlukları ile 
katı hal ölçümleri yapılan kopolimer filmin iletkenliklerinin farklı [N-MCz]0 
monomer konsantrasyonlarındaki karşılaştırılması 
Kopolimerin Dopamine Karşı Elektrokimyasal Davranışı 
Poli[N-MPy-co-N-MCz] kopolimeriyle kaplı karbon elyaf elektrotlar dopamine 
içeren pH 7 tampon çözeltisine alınmış ve elektrokimyasal olarak dopamine karşı     
–1.0 and 0.75 V aralığında 500 mVs-1 tarama hızıyla test edilmiştir. Polimer 
elektrotlar için E1/2 değerleri belirlenmiştir (Tablo 2). Bütün polimer elektrotlar 
dopamine karşı yarı tersinir özellik göstermiştir. Kaplı elekrotlar ilk 20 gün 
içerisinde yarı tersinir özellik ve kararlı davranış sergilediler. Bu özellikleri onların 
dopamine karşı uygun bir sensör elektrodu olacağını göstermektedir. 
Tablo 2 Karbon elyaf üzerine kaplı homopolimer ve kopolimerlerin farklı günler için 
formal potansiyelleri 
Kaplı karbon 
elyafların günlere göre 
dopamine karşı testi 
E1/2 (mV) 
 
1. Gün 
 
10. Gün 
 
20. Gün 
 
40. Gün 
Poli[N-MPy] 150 50 45 --- 
Poli[N-MCz] 100 90 70 --- 
Poli[N-MPy-co-N-MCz] 75 50 45 --- 
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1. INTRODUCTION 
Electrochemical polymerization represents a widely employed route for the synthesis 
of some important classes of conjugated polymers such as poly (pyrrole) (PPy) , poly 
(carbazole) (PCz). During the past two decades these materials have been a focus of 
considerable interest motivated by both fundamental problems posed by their 
structure and electrical properties and their multiple potential technological 
applications[1] including biosensors, batteries, supercapacitors, anti-static and anti-
corrosion coatings, light emitting diodes (LEDs) [2], electrocromic devices [3] and 
transparent electrode materials[4]. 
Conducting polymers can be prepared via chemical or electrochemical 
polymerization. [5] Electrochemical synthesis is rapidly becoming the preferred 
general method for preparing electrically conducting polymers because of its 
simplicity and reproducibility. The advantage of electrochemical polymerization is 
that the reactions can be carried out at room temperature. By varying either the 
potential or current with time the thickness of the film can be controlled. [6] Films of 
electronically conducting polymers are generally obtained onto a support electrode 
surface by anodic oxidation (electropolymerization) of the corresponding monomer 
in the presence of an electrolyte solution. Different elecrochmical techniques can be 
used including potentiostatic (constant potential), galvanostatic (constant current), 
and potentiodynamic (potential scanning i.e. cyclic voltammetry) methods. 
Electrically conductivity is achieved in the film of conducting polymer by oxidation 
(p-doping) or reduction (n-doping), followed respectively by the insertion of anionic 
or cationic species [7]. 
The π-electron system along the polymer backbone, which confers rigidity and the 
cross linking points between polymer chains, make conducting polymers insoluble, 
infusible and poorly processable. Copolymerization prossesing of conducting 
polymers may offer improvements in their mechanical properties and processing [2]  
Our group has studied copolymerization of carbazole. Its derivatives with 
methylpyrrole (N-MPy) have been studied by chemical and electrochemical methods 
[8]. Due to expected additional combined properties alkyl substituted pyrrole and 
carbazole monomers, N-MPy and N-ethylcarbazole have been copolymerized 
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[9]. Results show that there is improvement in the electrochemical properties of the 
copolymer with the incorporation of N-Methylpyrrole into the structure. 
Biochemical sensors have been shown to provide complementary and additional 
information to that contributed by the well-established bioanalytical techniques. 
Particular advantages of biochemical sensors concern the following: the possibility 
of miniaturizing the setup, in principle down to the molecular scale, the use of well-
established microsystem technologies during manufacture, integration of signal 
preprocessing steps on a chip, and the building of arrays for more complex pattern 
recognition analysis. By combining the use of electronically conducting polymers 
with immobilized enzymes and by making use of the particular properties of 
conducting polymers, it is possible to develop novel enzyme-based bioelectronic 
devices.  
Electrochemically modified Poly[N-MPy-co-N-MCz] CFME and platinum 
electrodes were checked for its electrochemical behaviour against dopamine. As a 
sensor electrode it has been known that Poly[Cz] electrodes have a good response to 
dopamine, a biologically important substance [10-12]; However, poor mechanical 
properties limit the use of this type of Poly[Cz] electrode. Because of this, co-
processing of Poly[Cz] may offer some improvements in mechanical properties and 
processing technology. 
In view of the wide spectrum of the potential applications, it is clear that a further 
control of the electropolymerization conditions, use of different substrates and 
stability of resulting polymer can contribute to extend the scope of the technological 
applications of conducting polymers as thin films. The electro-grafting of a range of 
copolymers with various monomer concentrations have been recently examined 
using carbon fibers as the electrode [13-16]. The preparation of a range of conductive 
polymers, i.e. carbazole has also been described and the electro-grafting of 
relationship between the polymerization parameters and the surface properties of the 
electrodes are established [17]. 
1.1. Advantages of Carbon Fibers as a Microelectrode 
The use of carbon fiber homogeneously coated by conductive polymers with well-
defined surface functionalities is suitable for the miniaturization of electrode system 
for a particular analyte. The nature of copolymeric films, their structure and 
compositions plays an important role on the final properties of modified carbon 
surface and the interest on the characterization of these functionalized thin films is 
increasing [18]. 
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To improve the surface properties of carbon fibers, electrochemical polymerization 
of electro-active monomers such as pyrrole [19-22] onto several carbon fibers has 
been studied in detail. Electrografting of copolymers with conductive and non-
conductive contents onto carbon fiber have recently been studied [13-16]. 
Polymer coated CFMEs might have been used in the detection of biologically 
important analysts such as dopamine [23-24], and micron-sized reversible conductive 
polymer electrodes and actuators [25]. The fibers are stable and readily available 
from a number of commercial sources. The disposable character of these electrodes 
has opened up a wide range of possible applications, for example in the 
determination of enzyme substrates [26], neurotransmitters [27], proteins [28] and 
other redox species [29-30]. 
1.2. Pyrrole Containing Polymers 
Amoung the numerous conducting polymers prepared to date, polypyrrole is by far 
the most extensively studied. The reasons of this craze for polypyrrole lies certainly 
in fact that the monomer (pyrrole) is easily oxidized, water soluble commercially 
available. Hence, polypyrrole present several advantages including environmental 
stability, good redox properties and the ability to give high electrical conductivities 
[31-33]. As a result of its good intrinsic properties, polypyrrole has proven promising 
for several applications batteries, supercapacitors, electrochemical biosensors, 
conductive textiles and fabrics, mechanical actuators, electromagnetic interference 
(EMI) shielding, antistatic coatings and drug delivery systems [34]. The intrinsic 
properties of polypyrrole are highly dependent on electropolymerization conditions. 
Off all known conducting polymers, polypyrrole is the most frequently used to its 
conductivity and the possibility of forming homopolymers or copolymers with 
optimal properties. But it is hard and brittle and these poor properties greatly restrict 
its potential for applications [35]. Attempts have been made for copolymerization 
with other heterocyclic monomers with an aim of improving the properties of the 
resulting product. So far, copolymers of pyrrole with heterocyclic monomer have 
been prepared by electrolytic oxidation. 
1.3. Carbazole Containing Polymers 
N-ethylcarbazole and thiophene was synthesized and polymerized [36]. N-
ethylcarbazole was chosen as an internal conjugated moiety so as to provide a planar, 
synthetically flexible core, which could easily be derived with no loss in extent of 
conjugation [37]. 
N-vinylcarbazole-acrylamide copolymer electrodes and its redox behavior of 
dopamine have been checked by CV, depending on the experimental conditions the 
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electrode is polymerized and response could show reversible or quasi-reversible 
behaviour [38].  
Moreover, surface characterization techniques were applied to the random copolymer 
of [3-methyl-co-thiophene] and the copolymer of [carbazole-co-3-methylthiophene] 
[39]. Spectroscopic and topographic characterization of the effect of monomer feed 
ratio in electro-copolymerization of N-vinylcarbazole-co-3-methylthiophene [40], 
and morphological and spectroscopic analyses of [N-vinylcarbazole-co-
vinylbenzenesulfonic acid] were studied copolymer electro-grafted on carbon fiber 
microelectrodes [41]. The electro-polymerization terthiophene on CFMEs, with 
special emphasis on cyclovoltammetric results and atomic force microscope (AFM) 
relationship was studied [42]. FIB-SIMS characterization of carbazole, N-
vinylcarbazole-co-vinylbenzenesulfonic acid and N-vinylcarbazole-co-
methylthiophene, electro-coated onto CFMEs and morphological studies by AFM 
has been realized [43]. 
1.4. Monomers and Dopamine 
1.4.1. N-Methylpyrrole (C5H7N) 
One of a class of organic heterocyclic compounds of five-membered diunsaturated 
ring structure composed of four carbon atoms and one nitrogen atom. The simplest 
member of the pyrrole family is pyrrole itself, a basic heterocyclic compound; 
colorless to pale yellow, toxic oil with pungent taste and similar to chloroform odor; 
insoluble in water; soluble in alcohol, ether, and dilute acids; boils at 129 – 131 oC; 
polymerizes in light. They are also used as catalysts for polymerization process, 
corrosion inhibitors, preservatives, and as solvents for resins and terpenes. They are 
used in metallurgical processes [44]. 
1.4.2. N-Methylcarbazole (C13H11N) 
N-Methylcarbazole is a group of organic heterocyclic compounds containing a 
dibenzopyrrole system; white crystalline solid, insoluble in water, melts at 92 
o
C. 
Carbazole and its derivatives are widely used as an intermediate in synthesis of 
pharmaceuticals, agrochemicals, dyes, pigments and other organic compounds [44]. 
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Tablo 1.1. Structure and Abbreviation of  Monomers and Polymers and Structure of 
Dopamine 
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1.4.3. Dopamine (C8H11NO2)  
Dopamine is a monoamine neurotransmitter that upon binding to a dopamine 
receptor releases a variety of downstream signals. Melting point, 82.5 
o
C, boiling 
point: 270 
o
C. Dopamine is a compound that is highly sensitive to oxygen. Dopamine 
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is a compound that is highly sensitive to oxygen. It is made by our brain cells and is  
a hormone-like neurotransmitter. Chemists sometimes refer to it as a feel-good 
chemical that is present in our brains. It is responsible for fundamental brain 
functions. It tells our body how to move and what actions to take. Basically it is 
responsible for how we think and act. A lack of dopamine can lead to brain 
dysfunctions such as Parkinson‟s disease. This deficiency of dopamine in our body 
can be treated with nutrients and amino acids, which are the raw materials that our 
body uses to make these neurotransmitters naturally. Dopamine is associated with 
feelings of pleasure and elation. It is a chemical that transmits pleasure signals [45]. 
1.5. Electrochemical Polymerization 
1.5.1. Mechanism 
Nearly all electrochemical polymerizations of conducting polymers (which are nearly 
always oxidative polymerizations) appear to follow a generic reaction pathway. In 
Figure 1.1, it is illustrated this pathway, representing a generic monomer for N-MPy. 
This pat way shows the following common features: 
1) The initiation step, (monomer) radical generation, via electrochemical oxidation; 
2) Propagation via, a) radical-radical recombination, not radical-monomer 
combination; b) loss of two protons from the radical-radical intermediate species, 
generating the dimer; c) electrochemical oxidation of the dimer, generating another, 
“oligomeric” radical; d) combination of this or similar oligomeric radicals and repeat 
of steps 2b and 2c, building up the polymer;  
3) Termination via, of exhaustion of reactive radical species in the vicinity of the 
electrode and accompanying oxidative (as shown for N-MPy in Figure 1.1) or other 
chain termination processes.  
Among other common features of the mechanism is the preferred polymer linkage at 
the α-position for most monomers, as illustrated Figure 1.1. that of radical, and thus 
radical-monomer combination (generating another radical) is more likely to be the 
next propagation step after radical generation. [46] 
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Figure 1.1 Generic electropolymerization pathway valid for heterocyclic compounds 
1.5.2. Electrochemical Characterization Methods 
Cyclic votammetry is very often used to characterize conducting polymer films. This 
is the method of choice for studying the reversibility. of electron transfer because the 
oxidation and reduction can be monitored in the form of a current potential 
diagram.[47]. Intermediate species of very short lifetimes can be observed with 
microelectrodes using high scanning speeds [48]. These intermediate species (radical 
cations) are extremely important fort he understanding of the polymerization 
mechanism. Another electrochemical technique, coulometry, measures the amount of 
electricity involved in the oxidation process. The knowledge of the initial charge 
used to polymerize the monomer, and the charge involved in the doping process 
allows the estimation of the doping level in the conduction polymer [49]. 
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Chronoamperometry, i.e. measuring the current as a function of time, is a method of 
the choice of to study the kinetic of polymerization and especially the first steps [50]. 
Impedance spectroscopy is a more advanced but very powerful method which allows 
the investigation of the electron transport and the electronic resistance (electron 
transfer), the ionic conductivity, and enables the measurement of film porosity in the 
polymer. Note that the interpretation of impedance spectroscopy results is based on 
equivalent circuits which are compatible with a variety of different physical and 
theorytical models [51]. 
1.6. Factors Affecting the Electropolymerization 
1.6.1. Monomer substitution 
Presence of alkyl group gives solubility to copolymers obtained both chemically and 
electrochemically [52]. N-substituted pyrroles are known to exhibit a conductivity 
three orders of magnitude lower than that of polypyrrole as demonstrated by Diaz 
and coworkers for Poly(N-methylpyrrole) [53]. These results were further confirmed 
by monitoring the conductivity of poly (3,4-dimetoxy-N-methylpyrrole) which was 
found to be three orders magnitude lower than poly(3,4-dimethoxypyrrole) [54]. The 
substituent on the nitrogen atom, the greater the steric interaction between repeat 
units, and subsequently the weaker the conductivity. The influence of N-substitution 
on the electropolymerization characteristics was examined by Waltman [55]. The 
polymer yield and the rate of oxidation were found the decrease as the size of the 
alkyl group increases. Bonding large subtituents to the nitrogen atom or to the β-
carbon stabilizes to cation radical without stopping the polymerization [56]. If this 
intermediate is too stable it can diffuse into the solution and form soluble products. 
As a result, the yield and the molecular weight of the polymer will be low.  
1.6.2. Effect of the electrolyte 
The choice of an electrolyte is made by considering its solublity and nucleophilicity. 
Moreover the anion oxidation potential should be higher than the monomer. The 
nature of the anion has an impact on the quality of the film produced which depends 
on the hydrophobic character of the anion and the interactions between the polymer 
and the anion. For instance Kassim at al. [57] have shown that in aqueus solution, the 
utilization of a large aromatic sulfate anion gives stable conducting polymers with 
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better mechanical properties than when a percholorate anion is used Because of their 
hydrophobic interaction with water, one of roles played by these organic anions is to 
orient polymer chain parallel to the electrode surface. This chain orientation 
increases the order in the polymer structure [58]. On another hand, anion 
nucleophilicty interferes with the reaction by increasing the formation of soluble 
products. The polymer of the highest conductivity is produced when elevated 
concentrations of electrolyte are used [59].  
1.6.3. Effect of the cation 
The copolymer possesing cation recognition properties have been subjected to a 
sustained interest in recent years. The electrocemical properties were analyzed in the 
presence of the different alkali cations (Li
+
, Na
+
, K
+
). In each case addition of 
incremental amounts of cation produces a positive shift of the anodic peak potential 
and a decrease of electroactivity [60]. 
The size of the cation can have an influence on the polymer conductivity. It is shown 
that the larger cation, the lower conductivity of the polymer [61].
 
1.6.4. Effect of the solvent 
The solvent of electropolymerization is an important factor governing not only the 
quality of the conducting polymer obtained, but also it is conductivity, morphology 
and subsequent electrochemical behavior.  
The solvent must minimize the nucleophilic reactions. Aprotic solvents appear to be 
the best for poly[N-Mpy-co-N-MCz] preparation. Among these solvents, acetonitrile 
is the most commonly is used. Nucleophilic solvents like dimethylformamide or 
dimethylsulfoxide do not allow polymer formation to occur unless a protic acid, like 
p-toluenesulfonic acid is added [62]. In acetonitrile, the addition of small quantities 
of water has a big influence on the, kinetics of the reaction and the properties of the 
polymer formed [63]. This effect is due to the stabilization of the cation radical 
intermediate by the water molecules which have a larger polarity than acetonitrile. 
Imanishi et al. [64] have attempted to explain the strong influence of the solvent by 
drawing attention to its basicity and polarity. Film formation is influenced by the 
strength of the interactions between the solvent and the cation radicals. The basicity 
of the solvent is the principal factor affecting the selectivity in polymer formation. 
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On the other hand, the solvent polarity will affect the strength of the interactions 
between the solvent and the electrolyte anions. 
Ko et al. have studied the morphology and the film properties in aqueous and 
nonaqueous solution (in the case of acetonitrile) [65]. They have found that the films 
prepared in acetonitrile are more homogeneous and better conductors as compared to 
the polymers prepared in aqueous solution which are more porous. The polymers 
prepared in aqueous solution undergo attack by water molecules during reaction 
which is responsible for their irregular morphology and their weak properties. 
Unsworth et al. have shown that the adsorption of oxygen gas formed during water 
oxidation is a source of surface defects in the polymer [66]. 
Recently, Zhou and Heinze have extensively studied the long debated "water effect" 
on polypyrrole electropolymerization [67]. In dried acetonitrile, acid catalyzed 
formation of a pyrrole trimer having a broken conjugation yields a partly conjugated 
and poorly conductive PPy which passivates the electrode after deposition. The 
favorable effect of water stems from its stronger basicity than pyrrole and therefore 
its ability to capture the protons released during the electropolymerization which 
prevents the formation of the trimer and thus avoids the passivation of the electrode. 
Solvent retention within the polymer matrix, retention of solvent “affinity sites”, are 
important factors. Thus, for instance, several polypyrrole derivatives, when 
electropolymerized in ACN or PC, will electrochemically cycle well only in the 
solvent of electropolymerization [68]. Solvents may also be too nucleophilic: besides 
its high solvation capability for even doped CPs, dimethyl formamide (DMF) is also 
poor electropolymerization solvent due to high nucleophilicty; if this reduced with 
addition of protic solvents, electropolymerizations are observed [69]. 
1.6.5. Effect of the temperature  
Electropolymerization temperature has a substantial influence on the kinetics of 
polymerization as well as on the conductivity, redox properties and mechanical 
characteristics of the films. Films prepared at lower temperatures have a more rugged 
appearance and poorer adhesion than those prepared at higher temperatures [32]. 
a) A conjugated polymer's conductivity decreases with decreasing temperature. 
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b) A semiconductor's DC conductivity decreases with decreasing temperature, 
remains finite at low temperatures 
c) A metal's DC conductivity increases slightly with decreasing temperature [46]. 
1.6.6. Scan rate dependencies 
One of the first characteristics of a CV of a CP film that one searches for is the 
dependence of the peak current (Ip) on the scan rate (υ). According to well 
established electrochemical treatments, for a behavior dominated by diffusion 
effects, Ip is proportional to υ
1/2
, whilst for a material localized on an electrode 
surface, such as a CP film, Ip is proportional to υ. For most CP films, the latter case 
obtains, thus indicating surface localized electroactive species. For the copolymer 
system Ip is proportional to γ. As more detailed analysis shows, however, this is so 
only for CP films that are not inordinately thick (which most are not), not 
inordinately compact (which most are not), and not doped with very large or sluggish 
dopant ions which have inordinately small diffusion coefficients (which most 
dopants do not). If any of the latter conditions prevail, however i.e. wherever dopant 
diffusion effects can predominate Ip can be proportional to υ
1/2
, as the case of 
copolymer [46]. 
1.7. Biosensors 
Biosensors represent a new trend emerging in the diagnostic technology. The 
estimation of metabolites such as glucose, urea, cholesterol and lactate in whole 
blood is of central importance in clinical diagnostics.  
A biosensor is a device having a biological sensing element either intimately 
connected to or integrated within a transducer. The aim is to produce a digital 
electronic signal, which is proportional to the concentration of a specific chemical or 
set of chemicals. Biosensor instruments are specific, rapid, simple to operate, can be 
easily fabricated with minimal sample pretreatment involved. The apparently alien 
marriage of two contrasting disciplines combines the specificity and sensitivity of 
biological systems with the computing power of microprocessor.  
Conducting polymer based biosensors, it is the direct binding of the biocatalyst to an 
electronic device that transduces and amplifies the signal [6]. 
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1.7.1. Transducer 
The biochemical transducer or biocomponent imparts to the biosensor, selectivity or 
specificity. A transducer converts the biochemical signal to an electronic signal. The 
transducer of an electrical device responds in a way that a signal can be 
electronically amplified, stored and displayed. Suitable transducing system can be 
adapted in a sensor assembly depending on the nature of the biochemical interaction 
with the species of interest [70, 71]. The most common electrochemical transducers 
being utilized are amperometric and potentiometric and potentiodynamic.  
1.7.2. Biocomponents 
Biocomponents, which function as biochemical transducers can be enzymes, tissues, 
bacteria, yeast, antibodies/antigens, liposomes, organelles [72-74]. Within a 
biosensor the recognition biomolecule incorporated possesses an exquisite level of 
selectivity but is vulnerable to extreme conditions such as temperature, and ionic 
strength [75]. Most of the biological molecules such as enzymes, receptors, 
antibodies, cells etc. have very short lifetime in solution phase. Thus they have to be 
fixed in a suitable matrix. The immobilization of the biological component against 
the environmental conditions results in decreased enzyme activity [76]. The activity 
of immobilized molecules depends upon surface area, porosity, hydrophillic 
character of immobilizing matrix, reaction conditions and the methodology chosen 
for immobilization. 
Various matrices have been used for the immobilization of enzymes such as 
membranes, gels, carbon, graphite, silica, polymeric films etc. [77, 78]. There is thus 
a great need to design the electrodes that are compatible with the biological 
component that can lead to rapid electron transfer at the electrode surface. 
Conducting polymers are attractive as possible materials for such applications. 
1.7.3. Importance of conducting polymers to biosensors 
Conducting polymers have attracted much interest as a suitable matrix of enzymes 
Conducting polymers are used to enhance speed, sensitivity and versatility of 
biosensors in diagnostics to measure vital analytes. Conducting polymers are thus 
finding ever increasing use in diagnostic medical reagents [79] 
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The electrochemical synthesis of conducting polymers allows the direct deposition of 
the polymer on the electrode surface, while simultaneously trapping the protein 
molecules [80]. It is thus possible to control the spatial distribution of the 
immobilized enzymes, the film thickness and modulate the enzyme activity by 
changing the state of the polymer. The development of any kind of technology in this 
field heavily depends on the understanding of the interaction at the molecular level, 
between the biologically active protein, either as a simple composite or through 
chemical grafting. For the proper relay of the electrons from the surface of the 
electrode to the enzyme active site, the concept of „electrical wiring‟ has been 
reported [81].  
Conducting polymers are also known to be compatible with biological molecules in 
neutral aqueous solutions. They can be reversibly doped and undoped 
electrochemically accompanied by significant changes in conductivity and 
spectroscopic properties of the films that can be used as a signal for the biochemical 
reaction.  
Conducting polymers have the ability to efficiently transfer electric charge produced 
by the biochemical reaction to electronic circuit. Moreover conducting polymers can 
be deposited over defined areas of electrodes. This unique property of conducting 
polymers along with the possibility to entrap enzymes during electrochemical 
polymerization has been exploited for the fabrication of amperometric biosensors 
[82, 83]. Figure 1.3 shows the pathway suggested for electron transfer in the 
conducting polymer based amperometric biosensors (Table 1.3). 
1.7.4. Reproducibility, Stability and Lifetime 
Definition of reproducibility is the same for electrochemical biosensors as for any 
other analytical device: reproducibility is a measure of the scatter or the drift in a 
series of observations or results performed over a period of time. It is generally 
determined for the analyte concentrations within the usable range.  
The operational stability of a biosensor response may vary considerably depending 
on the sensor geometry, method of preparation, as well as on the applied receptor and 
transducer. Furthermore it is strongly dependent upon the response rate limiting 
factor, i.e. a substrate external or inner diffusion or biological recognition reaction. 
Finally, it may vary considerably depending on the operational conditions. For 
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operational stability determination, we recommend consideration of the analyte 
concentration, the continuous or sequential contact of the biosensor with the analyte 
solution, temperature, buffer composition, presence of organic solvents, and sample 
matrix composition. Although some biosensors have been reported usable under 
laboratory conditions for more than one year, their practical lifetime is either 
unknown or limited to days or weeks when they are incorporated into industrial 
processes or to biological tissue, such as glucose biosensors implanted in vivo [84]. 
For storage stability assessment, significant parameters are the state of storage, i.e. 
dry or wet, the atmosphere composition, i.e. air or nitrogen, pH, buffer composition 
and presence of additives. 
Finally, the mode of assessment of lifetime should be specified, i.e. by reference to 
initial sensitivity, upper limit of the linear concentration range for the calibration 
curve, accuracy or reproducibility. Biosensor stability may also be quantified as the 
drift, when the sensitivity evolution is monitored during either storage or operational 
conditions. The drift determination is especially useful for biosensors which 
evolution is either very slow or studied during rather short period of time. 
1.7.5. Applications of conducting polymers to biosensors 
Conducting polymers have been used in the fabrication of biosensors in various 
fields such as:  
 Health care: In medical diagnosis (glucose, fructose, lactate, ethanol, 
cholesterol, urea etc.) 
 Immunosensors: Can be used in medical diagnostics and environmental 
sensors 
 DNA sensors: In the detection of various genetic disorders. 
 Environmental monitoring: For control of pollution and detection of 
hazardous chemicals in biosensors (polyphenols, sulfites, peroxides, 
formaldehyde etc.) 
 Food analysis: For detection of glucose, fructose, ethanol, sucrose, lactate, 
malate, galactose, citrate, lactose, urea, starch etc. in food industries [6]. 
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         Table 1.2 Biosensors based on conducting polymers 
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2. EXPERIMENTAL 
2.1. Materials 
N-methylpyrrole (N-MPy, >98%), N-methylcarbazole (N-MCz, >98%) sodium 
(NaClO4, >98%), lithiumperchlorate (LiClO4, >98%), potassiumperchlorate (KClO4, 
>98%), tetrabuthylammoniumperchlorate (TBAP, >98%), tetraethyl 
ammoniumperchlorate (TEAP, >98%), tetraethylammoniumfluoaborate (TEATFB 
>98%),  propylene carbonate (PC, >99%), and acetone (%99.7, Purex PA), 
dimethylformamide (DMF, >99%), dimethlysulfoxide (DMS, >99%), hydrocholoric 
acid HClO4, >99%), were obtained from Merck. Acetonitrile (ACN) was from Carlo 
Erba. High Strength (HS) carbon fibers C320000A (CA) (Sigri Carbon, Meitingen, 
Germany) containing 320.000 single filaments in a roving were used as working 
electrodes. Indium tin oxide (ITO) coated glass slides (0.7 cm x 5 cm, R ≤ 10 ohm 
cm
-2
) were used for some of the in-situ spectroelectrochemical studies. All chemicals 
were high grade reagents and were used as received.  
Phosphate buffer solution of pH was prepared by mixing 60 mL of a 1/15 mol/dm
3
 
solution of Na2HPO4.2H2O with 40 mL of a 1/15 mol/dm
3
 solution KH2PO4 and 
adjusting the pH to 7 by adding either KH2PO4 or Na2HPO4. 
2.2. Preparation of the CFMEs 
The electrodes were prepared by using a 3 cm of the CFME (diameter = 7 µm) 
attached to a copper wire with a Teflon tape. Only 1.0 cm of the carbon fiber was 
dipped into the solution to keep the electrode area constant (~0.0044 cm
2
) by 
adjusting chemicals. In addition, cyclovoltammetric results could be compared by 
using platinum button electrode (A=0.02 cm
2
) as the working electrode. 
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2.3. Electropolymerization solid state conductivity and spectroscopic 
measurements 
Polymerization reactions were performed electrochemically at a constant current in 
PC and ACN solution containing 0.1 M LiClO4 and NaClO4 and monomers. A 
Coulometer E211 calibrator was used as a current source for galvanostatic 
depositions. Electrochemistry and CV of the polymers were performed with a 
PARSTAT 2263 Potentiostat, which is a self-contained unit that combines 
potentiostatic circuitry with phase-sensitive detection (Faraday cage that BAS Cell 
Stand C3), in a three-electrode system setup employing CFME as working electrode, 
Platinum wire as counter electrode, and a silver wire pseudo-reference in a solution 
of 0.1 M LiClO4 in PC or NaClO4 in ACN. The pseudo-reference was calibrated 
externally using a 5 mM solution of ferrocene (Fc/Fc
+
) in the electrolyte 
(E1/2(Fc/Fc
+
) = +0.13  V vs. silver wire in of 0.1 M NaClO4/ACN). Note 1.0 V vs. 
Fc/Fc
+
 = 1.07 V vs. Ag/Ag
+
 = 0.58 V vs. SCE  
Both homopolymers and copolymers electro-grafted onto CF surface (with some 
single grafted CF) were analyzed by FT-IR reflectance spectrometry (Perkin Elmer, 
Spectrum One B, with an ATR attachment Universal ATR-with ZnSe crystal). 
UV-Visible spectra were obtained both for electrochemically coated indium tin oxide 
(ITO) glass and oligomers formed in solution by using Shimadzu 160 A recording 
spectrophotometer. 
The solid state electrical conductivity measurements were performed from pellets for 
chemically synthesized polymer and films removed from the electrode surface for 
electrochemical synthesized films which have been prepared galvanostatically 
removed from Pt plate electrode 1.68 cm
2
). Keithley 617 electrometer connected to a 
four probe head with gold tips. Electrical conductivity has been calculated from the 
following equation: σ=V-1 І (ln2/ π dn) where dn is thickness in cm, V is applied 
potential in volt and I is current in ampere. 
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3. RESULTS AND DISCUSSION 
3.1. Cyclovoltametric Results 
3.1.1. Cyclovoltametric electrocoating of homopolymers and copolymers on 
carbon fiber microelectrodes 
For electrochemical polymerization an alkyl-substituted monomer of Py and Cz 
namely, N-MPy and N-MCz were used. The homopolymer growth and copolymer 
film formation were carried out by using CV measurements and current densities vs. 
potential changes were plotted. The cyclic voltammograms obtained during polymer 
film growth on CFMEs are presented in Figure 3.1, 3.2 and 3.3 respectively. The 
onset potential of N-methylpyrrole, N-methylcarbazole, and mixture of both 
monomers were obtained approximately as 0.9 V, 1.1 V and 1.0 V on CFMEs, 
respectively. Upon repeated scans new redox processes appear at lower potentials, 
indicating the formation of an electroactive polymer film.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 CV for oxidation of 10
-2
M [N-MPy]0 on CF in 0.1 M NaClO4 in PC at 
100 mVs
-1
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Figure 3.2 CV for the oxidation of 10
-2
M [N-MCz]0 on CF in 0.1 M NaClO4 in PC at 
100 mVs
-1
.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3 CV for the oxidation of mixture of 10
-2
M [N-MPy]0 and 10
-2
M [N-MCz]0 
on CF in 0.1 M NaClO4 in PC at 100 mVs
-1
.  
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In the first cycle, N-MPy was oxidized to radical cation form, and N-MPy/N-MCz 
was copolymerized in different mole ratios by electrochemical process. Peak currents 
increase linearly with scan number, therefore increase in charge (Q) results in the 
formation of more radical ions (R
.+
) leading to more copolymer formation. Some 
electrochemical values of electrocoating of polymers is shown in Table 3.1. 
Table 3.1 Epa, Epc, ∆E values of electrocoating of polymers obtained in the range of 
0 to 1.3V. 
Polymer Epa, V Epc, V E, V 
[N-MPy] 0.75 0.50 0.25 
[N-MCz] 1.02 0.94 0.08 
[N-MPy-co-N-MCz] 0.74 0.33 0.41 
Ionization potentials (Ip) of homopolymer and copolymer electrodes were calculated 
as suggested in the literature [86, 87]: 
Ip=(Eox + 4.4) eV 
Ionization potential of [N-MPy-co-N-MCz] is between the homopolymers, similarly 
the onset potentials. That is indicated that the removal of electron is easier than [N-
MCz] so decreased oxidation potential of monomer. Also the conductivity the 
measurements indicated also the copolymer conductivity is higher than Poly[N-
MCz]. It is shown that the copolymer is different structure than two homopolymers 
Table 3.2 Eox , Ip and conductivity values of electrocoating of polymers obtained 
from CV of homopolymers and copolymers. 
Polymer Onset Pot. (Eox, V)   Ionization Pot. (Ip, eV) Conductivity (mS/cm
2
) 
[N-MPy] 0.90 5.30 4.72 
[N-MCz] 1.10 5.50 1.26 
[N-MPy-co-N-MCz] 1.00 5.40 4.20 
In figure 3.4, only the 4
th
 cycle of subsequent 8
th
 cycles were shown for clarity.  [N-
MPy-co-N-MCz] and homopolymers were obtained electrochemically in 0.1M 
NaClO4/PC solution on CFME (100 mVs
-1
). Electro-growth oxidation potential of 
copolymer is obtained as 0.6 V, smaller than oxidation potential of [N-MCz] =1.1 V. 
Cyclovoltammogram of copolymer growth indicated that copolymer showed 
different oxidation potentials and redox behaviour than homopolymers.  
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Figure 3.4 Electrochemical coating of [N-MPy], [N-MCz], [N-MPy-co-N-MCz] by 
CV in 0.1M NaClO4 / PC solution using multiple (eight cycles) and taken fourth 
cycle. (Scan rate: 100 mVs
-1
) *[N-MCz]0=10
-3
 M, [NMPy]0=10
-7 
M 
Electro-deposition conditions on the carbon fiber and the influence of the monomer 
concentrations on the resulting copolymer are better than Pt button electrode. 
Reversibility of film seems better than button electrode in the case of the CFME 
(Figure 3.5).  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 Comparative graph of button and CFMEs by electrochemical coating of 
mixture of 10
-3
 M [NMPy]0 and 10
-3
 M [N-MCz]0. by CV in 0.1 M NaClO4 / PC 
solution using multiple (eight cycles) and taken fourth cycle (Scan rate:100 mVs
-1
, 
Potential range:0-1.3 V,  
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3.1.2. Effect of scan rate on obtained copolymer in monomer free electrolyte 
Scan rate dependence was determined for all homopolymers and copolymers. As 
illustrated by figure 3.6 for Poly[N-MPy-co-N-MCz], the current density is linearly 
proportional to scan rate, indicating all electroactive sites are electrode supported. 
Changing the sweep rate at which the polymers were grown, appears to have an 
effect on the electro-growth mechanism, as described in figure 3.31. CV of Poly[N-
MPy-co-N-MCz] coated CFME in monomer free electrolyte shows one oxidation 
potential at 0.7V having linear dependence with scan rate (Figure 3.6).  
In monomer free solution, the CV of Poly[N-MPy-co-N-MCz] formed at 100 mVs
-1
 
indicates that during the first few cycles, oligomeric species or small polymer chains 
forms and dissolve during oxidation and reduction cycle leaving longer polymer 
chains which remain adhered on the CFME surface, therefore, charge stabilizes after 
a few cycles. This dissolution of smaller species has not been observed for the 
polymers formed at slower rates indicating that longer chains have been obtained at 
slow rates, allowing more ordered structure of polymer chains.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 Poly[N-MPy-co-N-MCz] formed by 8 cycles at a) 10 mVs
-1
, b) 20 mVs
-1
, 
c) 50 mVs
-1
, d) 100 mVs
-1
, e) 200 mVs
-1
 in a 0.1 M NaClO4 / PC solution. All 
samples were subsequently cycled 8 times and taken 4
th
 cycles in monomer-free 
solution at 100 mVs
-1
.  
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Figure 3.7 Scan rate dependence of Poly[N-MPy-co-N-MCz] film in monomer free 
solution of 0.1M NaClO4/PC (R=0.92). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8 Scan rate dependence of Poly[N-MPy-co-N-MCz] film in monomer free 
solution of 0.1M NaClO4/PC (R=0.95). 
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The scan rate dependence of the anodic and cathodic peak currents shows a linear 
dependence on scan rate as illustrated in figure 3.7 and 3.8 for copolymer. This 
demonstrates that the electrochemical process is diffusion controlled and it has thin 
film formation. The ability to be switched reversibly in a diffusion limited process at 
scan rates higher than 100 mVs
-1
. 
3.1.3. Effect of the feed ratio on electrografting of copolymer 
Potentiodynamic polymerization of N-MPy at different initial concentrations of 
monomer indicates that concentration has important role on polymerization reaction 
(Figure 3.9). When N-MPy concentration increases 10 times, oxidation potential of 
this monomer decreases from 0.8 to 0.6 V. Figure 3.10 shows the current densities of 
peaks (shown in figure A.1) obtained during electrogrowth of copolymer on 
electrode surface by electrochemical means (against cycle-scan-numbers). The 
current densities of peaks obtained from the copolymers are greater than that of [N-
MCz].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9 Electrochemical coating of [N-MPy] by CV with different concentrations 
in 0.1 M NaClO4 / PC solution using multiple (eigth cycles) and taken 4
th
 cycle.(Scan 
rate:100 mVs
-1
, Number of CF number:5, Potential range: 0-0.9 V). 
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Figure 3.10 Electrochemically formed N-MPy, N-MCz and MCz/MPy copolymer: 
graft of current values of cyclic voltammograms versus scan number. 
3.1.4. Effect of the feed ratio on obtained copolymer in monomer free electrolyte 
The feed ratio of [N-MCz]0/[N-MPy]0 for the copolymer formation that 
concentration increases from 1.0x10
-4
 to 1.0x10
-1
 M, while anodic current density 
rises from 1.0 to 5.0 μA (Figure 3.11).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11 Feed ratio of [N-MCz]0/[N-MPy]0 in copolymer by CV in a 0.1 M 
NaClO4/PC solution. All samples were subsequently cycled 8 times and taken 4
th
 
cycles in monomer-free solution at 100 mVs
-1
.  
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Table 3.3 indicated Epa, Epc and ∆E values of Poly[N-MPy] and Poly[N-MCz] 
differentiate, showing that the copolymer is formed, and in variable ratios of 
monomers showed different electrochemical parameters that is, at 1:1 ratio of 
monomers, the polymer film showed reversible behavior. Oxidation peak potentials 
(Epa), corresponding reverse peak potential (Epc), which are obtained from cyclic 
voltammogram of Poly[N-MPy], Poly[N-MCz], Poly[N-MPy-co-N-MCz].  
Table 3.3 Ipa/Ipc, anodic and cathodic peak potentials in monomer free electrolyte 
obtained from CV of homopolymers and copolymers. 
Polymer Monomer ratio 
(N-MPy/N-MCz) 
Epa, V Epc, V E, V Ipa/Ipc 
P[N-MPy] - 0.45 0.34 0.11 - 
P[N-MCz] - 0.35 0.15 0.10 - 
P[N-MPy-co-MCz]  1:10 0.43 0.33 0.10 1.08 
P[N-MPy-co-MCz]  1:1 0.40 0.34 0.06 1.02 
P[N-MPy-co-MCz]  100:1 0.37 0.35 - 1.04 
 
3.1.5. Determination of Number of Carbon Fibers 
Since it was aimed to study with a single CFME, determination of the number of 
CFME is very difficult. Since the diameter (7 µm) of weight of single fiber is so 
small and low, and to select a single fiber in each experiment is difficult. 
In the beginning fibers were counted under microscope and experiments and CV 
experiments were performed by counted carbon fibers, such an 1, 2, 3… and the 
current versus CF numbers are plotted to determine the current or current density of 
each fiber during electrogrowth process (Figure3.12). But the limitation of this 
method is one has to dip always fibers in the same height into electrolyte solution. 
The currents are taken from switching potentials and for the determination of 
unknown CF samples. One would be able to determine number of these fibers by 
simply dividing current density of several fibers by the current density of single 
fiber. 
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Figure 3.12 Electrochemical coating of mixture of 10
-3
M [N-MPy]0 and 10
-3
M [N-
MCz]0 by CV with different number of carbon fiber in 0.1M NaClO4 / ACN solution 
using multiple (eigth cycles) and taken 8
th
 cycle.(Scan rate:100 mVs
-1
,            
Potential range: 0-1.3 V). 
3.1.6. Effect of the Temperature 
[N-MPy-co-N-MCz] and homopolymers are obtained electrochemically in 0.1M 
NaClO4/PC solution using multiple eight cycles and only fourth cycle on CF 
electrode at different temperatures was illustrated in figure 3.13. The temperature is 
decreased from 20 
o
C to 0 
o
C, anodic peak potential of copolymer decreased to 0.53 
V. At 20 
o
C polymer showed more reversible behavior (Ipa/Ipc=0.88) than that of 
others (Table 3.4). Copolymer was studied by potentiodynamically at different 
temperatures and the highest current density was obtained at 20 
o
C. The optimal 
temperature can be taken as 20 
o
C. 
Table 3.4 Some electrochemical values obtained from polymer growth of 
copolymers in different temperature.
 
 
Copolymer at different temperatures, 
o
C Ea, V Ec, V E, V Ipa/Ipc 
0  0.53 0.40 0.13 0.76 
5 0.60 0.33 0.27 0.78 
10  0.63 0.28 0.35 0.86 
20  0.66 0.36 0.30 0.88 
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Figure 3.13 Electrochemical coating of mixture of 10
-3
M [N-MPy]0 and 10
-3
M [N-
MCz]0  by CV in 0.1M NaClO4/PC solution using multiple (eight cycles) and taken 
fourth cycle at different temperatures (Number of carbon fibers:8, Scan rate: 100 
mVs
-1
, Potential range: 0-1.3 V vs. Ag).  
  
 
 
 
 
 
 
 
 
Figure 3.14 Ipa, Ipc values versus different temperatures during electrocoating of 
mixture of 10
-3
M [N-MPy]0 and 10
-3
M [N-MCz]0 by CV in 0.1M NaClO4/PC. 
It is shown that current density and potential of anodic peak have a linear increasing 
when the temperature increases from 0 
o
C to 20 
o
C (3.14, 3.15). 
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Figure 3.15 Epa, Epc values versus different temperatures during electrochemical 
coating of mixture of 10
-3
M [N-MPy]0 and 10
-3
M [N-MCz]0 by CV in 0.1M 
NaClO4/PC. 
4.1.7. Effect of the Cation  
The electrochemical properties were analyzed in the presence of the different alkali 
cations (Li
+
, Na
+
, K
+
) and other cations (Tetrabutylammonium, 
tetraethylammonium). In each case addition of incremental amounts of cation 
produces a pozitive shift of the anodic peak potential and a decrease of 
electroactivity. The remarkable relation is between Na
+
 and Li
+
 cations if ionization 
energy and size of cations is considered.  
The highest sensitivity, reversibility (∆ELiClO
4
=0.23V) and stablility was found for 
Li
+ 
(Figure 3.16, Figure B1-B5). For all cations, a linear dependence was found 
between the decreases of the anodic peak current density measured at fixed the 
concentration of cation. These effects were attributed to a shielding of the conjugated 
backbone caused by the potential barrier formed by the host guest complex.  
The size of the cation can have an influence on the polymer conductivity. It is shown 
that the larger cation, the lower conductivity of the polymer.
 
Current density of anodic peaks for each electrolyte is directly proportional to 
applied total charge. Also, it might be a similar relation between ionization energy of 
cations and current. But, Na
+
 cation shows a distinctive property contrary to the 
relation. (Table 3.5) 
0 5 10 15 20
0,30
0,35
0,40
0,45
0,50
0,55
0,60
 E
pa
 E
pc
P
o
te
n
ti
a
l 
/ 
V
Tem perature / 
o
C
30 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.16 Comparison of electrochemical coatings of mixture of 10
-3
 M [NMPy]0 
and 10
-3
 M [N-MCz]0 by using different cations with perchlorate anion in ACN. 
Table 3.5 Comparison of ∆Q, Ipa, Ei values during the electrochemical coatings of  
N-MPy and N-MCz by using different cations with perchlorate anion in ACN. 
Supporting 
electrolytes in ACN 
Total charge, 
∆Q (mC) 
Anodic peak 
current density, 
Ipa (μA/cm
2
) 
Ionization energy 
of cations 
 Ei (eV) 
LiClO4 8.77 3.43 5.39 
NaClO4 12.77 8.46 5.14 
KClO4 5.36 2.79 4.34 
TBAP 3.96 2.12 - 
TEAP 3.46 1.66 - 
3.1.8. Solvent Effect 
The copolymerization reactions of film were performed under different experimental 
conditions in order to get more information about the mechanism (C1-C3). That is, in 
order to obtain the products in the form of precipitates, the selection of proper 
solvents is important. Table 3.6 shows that polymerization is carried out with 
different solvents and electrolytes to determine the best of them for the mixture of N-
MPy and N-MCz. 
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Table 3.6 Solvents and electrolytes used for the mixture of N-MPy and N-MCz 
polymerization 
SOLVENT/ELECTROLYTE POLYMERIZATION 
Acetonitrile / sodium percholarate Good 
Acetonitrile / lithium percholarate Good 
Acetonitrile / potasium percholarate Fair 
Acetonitrile / tetraethylammonium tetrafluoraborate Good 
Acetonitrile / tetrabuthylammonium percholorate Good 
Acetonitrile / tetraethylammonium percholorate Good 
Propylene carbonate / sodium percholarate Good 
Propylene carbonate / lithium percholarate   Good 
Dicholoromethane / tetraethylammonium percholorate Good 
Dichloromethane / tetraethylammonium tetrafluoraborate  Good 
Dimethylformamide / sodium percholarate Fair 
Dimethylsulfoxide / sodium percholarate Less 
3.1.9. Water Effect 
The electrochemical polymerization of N-MPy and N-MCz was also studied in the 
mixture of acetonitrile and water. In the presence of water, an increase in water 
content resulted a decrease in deposition of the copolymer.  
 
 
 
 
 
 
 
 
Figure 3.17 Electrochemical coating of mixture of 10
-3
 M [NMPy]0 and 10
-3
 M     
[N-MCz]0 in NaClO4 in %30 H2O-%70ACN, Scan rate: 100 mVs
-1
, Number of 
carbon fibers:5 
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 3.1.10. Effect of Perchloric Acid 
The polymer is remarkably stable when cycling involves only the first peak, while 
the second oxidation leads to degradation [88]. The copolymer is electropolymerized 
in presence of acid in figure 3.18. 
 
 
 
 
 
 
 
 
 
Figure 3.18 Electrochemical coating of mixture of 10
-3
 M [NMPy]0 and 10
-3
 M [N-
MCz]0 in NaClO4 in %30 HClO4- %70 ACN, Scan rate:100 mVs
-1
, Number of 
carbon fibers:5  
3.1.11. Stability of the Copolymer  
The stability of obtained copolymer with polymer prepared in with different 
electrolytes has checked in monomer free electrolyte by application of 50 cycles. 
When cycling proceeds, the current density decreases to a stable value. The polymer 
obtained in LiClO4 exhibited a most stable (decrease in current density minimum) 
behaviour than others (Figure 3.19, 3.20). 
As indicate above, the copolymer in LiClO4 in ACN has the highest stability 
according to the differences ∆Ipa values. ∆Ipa values are obtained from figure D.1, 
D.2 comparatively with other electrolytes. ∆Ipa (LiClO 4 ) = 0.4,  ∆Ipa (NaClO 4 ) = 1.22,  
∆Ipa (KClO 4 ) = 0.64. 
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Figure 3.19 Electrochemical coating of mixture of 10
-3
 M [NMPy]0 and 10
-3
 M      
[N-MCz]0 using multiple (50 cycles) in LiClO4/ACN monomer free solution at 100 
mVs
-1
. 
 
 
 
 
 
 
 
 
 
Figure 3.20 Anodic peak current densities of Poly[N-MPy-co-N-MCz] in different 
electrolytes in monomer-free solution at 100 mVs
-1
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3.2. Galvanostatic Results 
3.2.1. Effect of monomer concentration on the yield, conductivity and charge 
Both the solid state conductivity and yield versus initial monomer concentration for 
Poly[N-MCz] were given in figure 3.21 and 3.22. The results indicate that increase in 
N-MCz concentration leads to, an increase in the solid state conductivity of resulting 
thin polymer film, while charge applied (Q=I.t) during the film formation (time=2 h), 
current was changed from 4.10
-4
 to 37.6 µA. 
 
 
 
 
 
 
 
 
 
 
Figure 3.21 Effect of initial monomer concentration [N-MCz]0 on Poly[N-MCz], 
conductivity and charge.  
It can be clearly seen that solid state conductivity of resulting polymer film, and 
charge which was applied for the formation of such film versus concentration of 
monomer is in parallel line. In the case of the copolymer, conductivity decreased 
with the increase of N-MCz concentration (feed ratio, yields) (Figure 3.23). N-MCz 
concentration increases 10 times, conductivity declines from 4.20 mScm
-1 
to 0.43 
mScm
-1
. Increase in N-MCz initial concentration results an increase in the yield but 
decrease in conductivity. 
The solid state electrical conductivity measurements were performed from pellets for 
electrochemically synthesized polymers, and from films removed from electrode 
surface for electrochemical ones and electrical conductivity was calculated from 
following equation. 
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 =V-1 .I. (ln2 /.dn) 
where dn is thickness in cm, V is applied potential in volt and I is current in ampere. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.22 Effect of initial monomer concentration [N-MCz]0 on Poly[N-MCz], 
conductivity and % yield. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.23 Effect of feed ratio of [N-MCz]0 / [N-MPy]0 on solid state conductivity 
and charge at constant [N-MPy]0=0.01 M. 
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The conductivity of N-MCz compared to N-MPy is much lower (At these 
concentrations of monomers ipN-MCz / ipN-MPy = 5.10
-4
) resulting a decrease in 
copolymer conductivity. The yield increase indicates that N-MCz gets into 
copolymer structure while conductivity of copolymer decreases. 
  Copolymerization yield % = [weight of copolymer (g) / weight of comonomers (g)].  
Figure 3.24 indicates when the amount of N-MCz increases, polymerization yield 
increases. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.24 Effect of feed ratio of [N-MCz]0/[N-MPy]0 on solid state conductivity 
and yield at constant [N-MPy]0=0.01 M.  
3.3 FTIR-ATR Measurements 
The FTIR-ATR spectra of Poly[N-MPy], Poly[N-MCz], and Poly[N-MPy-co-N-
MCz] were obtained from the surface of the electrografted CFMEs by reflectance 
and the positions of absorption bands in each spectrum are given in Figure 3.25. 
Characteristic peaks observed at 1571, 1322, and 675-730 cm
-1
, corresponding to –
CH3 (sp
3
 CH stretching), -C-N (stretching of aromatic C-N bonds or vibration of 
disubstituted benzene ring), -C-H (out-of-plane deformation of C-H bond in benzene 
ring), also provide evidence of polymer formation. The most characteristic difference 
in the copolymer is the lack of band at 800 cm
-1
 (-C-H bending of trisubstituted 
aromatic rings) and 1545 cm
-1
. (-C-N stretching of aromatic C-N bonds or vibration 
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of disubstituted benzene ring), which is characteristic of N-methylcarbazole 
homopolymer. In the case of the copolymer, in addition to these peaks, there are 
some shifts or new peaks corresponding to the interaction of the monomers (Figure 
3.25, Table 3.7). For instance, the peaks around 1680 cm
-1
 corresponding to the ring 
vibrations for the N-MCz in the copolymer, looks like the combination of the peaks 
at 1680 cm
-1
in the Poly[N-MCz] and 1448 cm
-1
 in Poly[N-MPy] disappears in the 
case of the copolymer. Moreover, the highest peak ratio -C-N / -C-H is obtained for 
nN-MCz/nN-MPy=1 compared to other ratios nNMCz/nNMPy=2, 3 and 5. 
 
Figure 3.25 FTIR spectrum of Poly[N-MPy-co-N-MCz], Poly[N-MPy] and Poly[N-
MCz], [N-MPy]0=10
-2
 M, [N-MCz]0=10
-2
 M.    
 
38 
Table 3.7 Some characteristic FT-IR bands assignments of electrochemically 
prepared homopolymers and copolymers 
P[N-MPy] P[N-MCz] P[MPy-co-MCz] Assignment of peaks 
3270 3460 3386 Aliphatic C-H 
1064 1058 1050 -N-H Bending 
1447 1448 1439 Aromatic –C=C str 
1304 - 1322 Aromatic N-C 
1207 - - C-H in plane deformation of aromatic ring. 
880 - - 1,3,4 trisubstituted pyrrole (spr) . 
800 847 - 1,2,4 trisubstituted benzene (sbr) 
 
3.4. UV-Vis Spectrophotometric Results 
3.4.1. In-situ Spectroelectrochemistry of Poly[N-MPy-co-N-MCz] Film 
The in-situ spectroelectrochemical spectrum of Poly[N-MPy-co-N-MCz] shows the 
evaluation of UV absorptions as the polymer doped and shows fast switching times 
(in seconds) for the large optical changes being attained (Figure 3.26). The optical 
band gap of the film has been obtained as 1.80 eV (Figure 3.27), which is very close 
to that of N-methyl derivative reported previously [25]. In the fully reduced form at -
1.3 V the polymer is yellow, but the color gradually changes to green by application 
of mildly oxidizing potential (0.1 V) and at higher potential it turns to deep blue. 
This type of multicolor behaviour is important for the preparation of electrochromic 
materials. 
Poly[N-MPy-co-N-MCz] films have been deposited on ITO coated glass substrates 
galvanostatically at a constant current density (0.2 mAcm
-2
) from a mixture of 0.005 
M, N-MPy / N-MCz monomers in 0.1 M NaClO4 / PC solution (Figure 3.26). 
The π - π* transition of both polymers have given a maximum absorbance (λmax) at 
668 and 420 nm (1.85, 2.95 eV) which correspond to band gap (measured from the 
edge of the π - π * absorption band) of 1.95 eV and 1.54 eV for Poly[N-MPy] and 
Poly[N-MCz] respectively (Figure 3.27). This small change in the band gap may 
stem from the incorporation of the N-MCz in the resulting polymer. It should also be 
noted that in the case of Poly[N-MPy-co-N- MCz] the polymer can not be reduced 
completely as much as N-MPy which also supports the incorporation of N-MPy to  
39 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.26 In-situ spectroelectrochemistry of mixture of N-MPy and N-MCz film 
obtained at different potential in the range of -1.3 to +1.3 V. At a mol ratio of  
nN-MCz / n N-MPy=1. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.27 UV-Vis spectrum of electrolyte solution after electrochemical 
polymerization at mole ratio of nN-MCz/nN-MPy =5 a) Poly[N-MPy], b) Poly[N-MCz] 
and c) Poly[N-MPy-co-N- MCz].  
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the polymer. Moreover, UV-vis peaks at lower energies in the oxidized state of both 
polymers makes them useful for some applications in the near IR region. At this 
point, N-methylcarbazole brings an advantage. Incorporation of it into the structure 
makes polymer more flexible. During the electro-coating ex-situ UV-vis spectrum is 
taken two max absorbances at 668, and 420 nm in a, 678, and 377 nm in d, 698, and 
400 nm in c, 989, 857, 397, and 375 nm in e, and 691, and 378 nm in b were 
obtained. After electrolysis, maximum absorbance value of copolymer at a mole ratio 
of nN-MCz/nN-MPy=1 has been obtained as 1.85 eV. If N-MCz concentration increases, 
absorbance value decreases to 0.5 eV (Figure 3.28 and 3.29).  
3.4.2. Conductivity of Copolymers Obtained by Electrochemical Polymerization 
Comparison with Soluble Oligomer Concentrations 
In electrochemical polymerization, polymers seem to have more orderly structure 
than chemical polymerization and, as a result, conjugation of bonds increases, so the 
conductivity would be higher than in chemical polymerization [89]. The conductivity 
of copolymer film obtained by electrochemical method was measured with the four-
point-probe method, while the rest of the solution was analyzed with UV-Visible 
spectrophotometer for different monomer feed ratios (Table 3.8).  
Table 3.8 Ex-situ UV-Visible analysis of soluble Poly[N-MPy-co-N-MCz] or 
oligomer and Four-Point Probe conductivity measurement of Poly[N-MPy-co-N-
MCz] while the amount of MCz increases 
[N-MPy]0/[N-MCz]0 
Absorbance at 680 nm 
Oligomeric soluble species (polaron) 
Conductivity* (mS/cm) of 
copolymer 
1/1 1.83 4.20 
1/2 1.29 3.87 
1/3 0.82 2.16 
1/4 0.57 1.07 
1/5 0.49 0.43 
* There conductivities are measured after obtaining free-standing film on stainless 
steel electrode in two electrode system in 0.1M NaClO4 in ACN. 
Table 3.8 indicates that the amount of absorbance at 680nm decreases and gives a 
minimum (lowest oligomer amount) for the monomer feed ratio of [N-MPy]0/[N-
MCz]0 of 1=5, the resulting copolymer film gives a minimum conductivity. So this 
explains the fact that when MCz concentration increases up to a certain 
41 
concentration, the chain length of polymer and the polaron, bipolaron structure, and 
conjugation decreases, which is reflected in the conductivity values. UV-vis 
spectrophotometric measurements of oligomeric species formed for different 
comonomer feed ratios, also support this idea. The amount of oligomer absorbances 
(the concentrations), that is, at [N-MPy]0 / [N-MCz]0 ratio of 1=5 gives a minimum 
(Figure 3.28 and 3.29), [the amount of oligomer (and corresponding polaron 
structures) decreases], and the solid state conductivity of the corresponding polymers 
decreases [as a result of Ex-situ measurements] (Table 3.8). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.28 UV-Vis spectrum of oligomeric species after polymerization with 
increasing amount of N-MCz. a) nN-MCz/nN-MPy =1 b) nN-MCz/nN-MPy =2 c) nN-MCz/nN-
MPy =3 d) nN-MCz/nN-MPy =4 e) nN-MCz/nN-MPy =5. 
The UV-visible spectra of doped and undoped forms of copolymer films of Poly[N-
MPy-co-N-MCz] obtained at a mole ratio of nN-MCz/nN-MPy=5 are given in Figure 
3.30. Reoxidation of film results show that in a decrease in the absorption peak at 
400 nm with the appearance of a new broad peak beyond 700 nm which is attributed 
to formation of delocalized cationic charge carriers.  
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Figure 3.29 Absorbances at 680 nm result of UV-Vis spectrum of oligomeric species 
after polymerization versus increasing amount of N-MCz. a) nN-MCz/nN-MPy =1 b) nN-
MCz/nN-MPy =2 c) nN-MCz/nN-MPy =3 d) nN-MCz/nN-MPy =4 e) nN-MCz/nN-MPy =5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.30 UV-Vis spectrum of doped and undoped electrocoated Poly[N-MPy-co- 
N-MCz] at a mole ratio of nN-MPy/nN-MCz =5 on ITO at 1.3 V at constant potential. 
These measurements indicate that the oligomeric species are also formed in solution 
which they react with the other co-monomer or co-oligomers leading to the random 
copolymer formation.   
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3.5 Proposed Mechanism 
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Figure 3.31 A tentative mechanism proposed for electrochemical polymerization 
(random copolymer).  
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3.6. Biosensor Behaviour to Dopamine 
For checking the reversibility of use of modified CFMEs against dopamine following 
experiments were performed under subsequent conditions. Poly[N-MPy], Poly[N-
MCz] and Poly[N-MPy-co-N-MCz] electro-coated CFMEs at 10
-2
 M homopolymers 
and copolymers of [N-MPy]0=10
-2
 M and [N-MCz]0 =10
-2
 M in 0.1 M NaClO4 / 
ACN onto carbon fiber used as anode electrode, Pt wire used as cathode electrode, 
and reference electrode Ag wire. All polymer coated fibers (homopolymers or 
copolymers of the surface of carbon fiber) were further oxidized by CV scans in the 
range of 0 and 1.3 V vs. Ag scan rate of 100 mV s
-1
 by 8 cycles. These polymer 
modified electrodes have been taken to pH 7 phosphate buffer solution containing 
dopamine with concentrations varying from 10
-2
 to 10
-12
 M. Polymer modified 
electrodes were tested for their response to dopamine by in the potential range 
between –1.0 and 0.75 V vs. Ag at 500 mVsn-1 scan rate. E1/2 values of dopamine for 
redox behaviour of dopamine is determined on the polymer electrodes. Table 3.9 
shows the E1/2 for homopolymers and copolymer grafted CFMEs. All polymer 
electrodes show quasi-reversible behaviour against dopamine. It can be seen that E1/2 
of the copolymers are smaller than the homopolymers of N-MPy and N-MCz. E1/2 
decrease on a modified CFMEs compared to Pt electrode, it seems that the polymer 
modified CFMEs exhibit better reversibility for the determination of dopamine.  
The electrochemical response of copolymer modified CFMEs shows quasi-reversible 
peaks to dopamine at 20
th
 day with (Ec-Ea>58 mV) (Figure 3.32). The difference of 
Cyclovoltammogram of dopamine for homopolymers and copolymer is given in 
Figure 3.33. All of them are quasi-reversible but copolymer seems to show better 
response to dopamine (compare figures 3.32 and 3.33). The stability of the polymer 
coated CFMEs tested against dopamine for 40 days, after 20 days, homopolymers 
and copolymer did not give response to dopamine.  
Table 3.9 Formal potentials [E1/2=(Epa+Epc)/2] changes of Poly[N-MPy], Poly[N-
M-Cz] and Poly[N-MPy-co-N-MCz] coated CFMEs in dopamine by days. 
Modified carbon fiber 
Days tested against 
Dopamine 
                                 E1/2(mV)   
 
1
st
 Day 
 
10
th
 Day 
 
20
th
 Day 
 
40
th
 Day 
Poly[N-MPy] 150 50 45 --- 
Poly[N-MCz] 100 90 70 --- 
Poly[N-MPy-co-N-MCz] 75 50 45 --- 
45 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.32 CV of Poly[N-MPy-co- N-MCz] coated on CF with six cycles in the 
presence of 10
-12
 M dopamine at pH 7 buffer solution. [N-MPy]=10
-2
M and [N-
MCz]0=10
-2
 M, scan rate: 500 mVs
-1
, 20
th
 days, in 0.1 M LiClO4 / ACN.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.33 CV of Poly[N-MCz], Poly[N-MPy] and Poly[N-MPy-co-N-MCz] 
prepared electrochemically after 20
th
 days. In coated on CF using multiple (eight 
cycles) and taken 4
th
 cycle in the presence of 10
-2
M dopamine at pH 7. 
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CFMEs were left in vacuum after each recording to avoid any air and humidity. The 
difference between anodic and cathodic peak current ratios (Ia/Ic) have been 
calculated and plotted against time, as shown in figure 3.35. Although at the 
beginning the electrode behaved irreversibly, it becomes stable and reversible in 
time, which might be due to the permeation of dopamine into the polymer layer, as 
suggested in the literature [90].  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.34 Changes in (B) peak current ratios (Ia/Ic) by time for CF in 10
-2
 mol   
dm
-3
 dopamine-containing buffer solution (pH 7).  
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4. CONCLUSION 
 In the case of monomer such as methylcarbazole having a high oxidation 
potential compared to its polymer, the high applied potential cause some 
degradation on resulting polymer. In this study, the electrocopolymerization 
of methylcarbazole with methypyrrole was studied order to improve the 
properties of N-methylcarbazole. The oxidation potential of the mixture of N-
MPy and N-MCz is lower than that of M-methylcarbazole.  
 Electrochemical synthesis of N-methylpyrrole and N-methylcarbazole 
copolymer has been obtained on CFMEs and platinum button electrode for 
comparison purpose. Electro-deposition conditions on the carbon fiber and 
the influence of the monomer concentrations on the resulting copolymer are 
better than Pt button electrode. 
 Defining of number of carbon fiber is very important to obtain reliable results 
because of their micro structure. In this study a new method developed to find 
number of CFME. 
 FTIR spectra of Poly[N-MPy-co-N-MCz], and homopolymers, Poly[N-MPy] 
and Poly[N-MPCz], indicate a copolymer formation, which has new bands 
and some shifts in the peaks with respect to homopolymers.  
 Ex-Situ UV-vis spectrum of Poly[N-MPy-co-Cz] and four-point-prob 
conductivity measurements of Poly[N-MPy-co-N-MCz] showed that when 
MCz concentration increases up to a certain concentration, the chain length of 
polymer and as a result of that conjugation decreases (polaronic structure) 
which is reflected in the conductivity values. 
 The solid state conductivity and yield of Poly[N-MCz] was measured with 
increasing the amount of monomer. The results indicated that a rise up in 
concentration leads to an increase in conductivity and yield. In the case of the 
copolymer, conductivity decreased with the increase of N-MCz 
concentration.  
 The choice of solvent, temperature and supporting electrolyte has a large 
influence on the electropolymerization behavior, with acetonitrile being the 
best solvent of those tested (high current and high stability), and the 
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polymerization rate being faster in LiClO4 and NaClO4 than KClO4, Et4ClO4 
and Bu4ClO4 (figure B.2, B.4, B.5). For the copolymer, the best supporting 
electrolyte and solution are LiClO4/ACN. 
 The obtained the copolymer was very stable current didn‟t decrease up to 50th 
cycles in monomer free electrolyte. And the most stable the copolymer was 
obtained in LiClO4/ACN. 
 A tentative mechanism for copolymerization of N-MPy and N-MCz structure 
is shown in figure 3.31. Due to low oxidation potential of N-MPy monomer, 
the formation of oligomeric species of N-MPy, by coupling of radical cation 
can be formed followed by coupling of oligomeric radical cationic species of 
N-MCz (or the neutral form of N-MCz by radical reaction). 
 Uncoated CF in dopamine is irreversible. The electrochemical response of the 
copolymer coated CFMEs shows quasi-reversible peaks to dopamine until 
20th day. The response of electrodes to dopamine is better in the case of the 
oxidized form. Although the reversibility is possible only at high scan rates, 
reversible response can be obtained even at slow rates for copolymer 
electrodes. High scan rate has a positive effect on reversibility. 
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APPENDIX A 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.1 Electrochemically formed mixture of 10
-3
M [N-MPy]0 and 10
-3
M        
[N-MCz]0 copolymer: graph of current values versus potential. 
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APPENDIX B 
 
 
 
 
 
 
 
 
 
 
 
Figure B.1 Electrochemical coating of mixture of 10
-3
M [N-MPy]0 and 10
-3
M       
[N-MCz]0 in LiClO4/ACN, Scan rate: 100 mVs
-1
, Number of carbon fibers:5 
 
 
 
 
 
 
 
 
 
 
Figure B.2 Electrochemical coating of mixture of 10
-3
M [N-MPy]0 and 10
-3
M       
[N-MCz]0 in NaClO4/ACN, Scan rate: 100 mVs
-1
, Number of carbon fibers:5 
0,0 0,2 0,4 0,6 0,8 1,0 1,2
-6
-4
-2
0
2
4
6
8
10
12
14
C
u
r
r
e
n
t
 
d
e
n
s
it
y
,
 

A
/
c
m
2
P o t e  n t i a  l,  V
0,0 0,2 0,4 0,6 0,8 1,0 1,2
-10
-5
0
5
10
15
20
25
30
C
u
r
r
e
n
t
 
d
e
n
s
it
y
,
 

A
/
c
m
2
P o t e  n t i a  l,  V
56 
 
 
 
 
 
 
 
 
 
 
 
Figure B.3 Electrochemical coating of mixture of 10
-3
M [N-MPy]0 and 10
-3
M        
[N-MCz]0  in KClO4/ACN, Scan rate: 100 mVs
-1
, Number of carbon fibers:5 
 
 
 
 
 
 
 
Figure B.4 Electrochemical coating of mixture of 10
-3
M [N-MPy]0 and 10
-3
M        
[N-MCz]0 in TEAP/ACN, Scan rate: 100 mVs
-1
, Number of carbon fibers:5 
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Figure B.5 Electrochemical coating of mixture of 10
-3
M [N-MPy]0 and 10
-3
M       
[N-MCz]0  in TBAP/ACN, Scan rate: 100 mVs
-1
, Number of carbon fibers:5 
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APPENDIX C 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C.1 Electrochemical coating of mixture of 10
-3
M [N-MPy]0 and 10
-3
M       
[N-MCz]0 in NaClO4/PC, Scan rate: 100 mVs
-1
, Number of carbon fibers:5 
 
 
 
 
 
 
 
 
 
 
 
Figure C.2 Electrochemical coating of mixture of 10
-3
M [N-MPy]0 and 10
-3
M           
[N-MCz]0 in NaClO4/DMF, Scan rate: 100 mVs
-1
 , Number of carbon fibers:5 
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Figure C.3 Electrochemical coating of 10
-3
M [N-MPy]0 and 10
-3
M [N-MCz]0  in 
NaClO4/DMSO, Scan rate: 100 mVs
-1
, Number of carbon fibers:5 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C.4 Uncoated carbon fiber electrode in the presence of 10
-2
M dopamine in  
buffer solution (pH 7), 500mV/s 
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APPENDIX D 
 
 
 
 
 
 
 
 
 
 
 
 
Figure D.1 Electrochemical coating of 10
-3
M [N-MPy]0  and 10
-3
M [N-MCz]0  using 
multiple (50 cycles) in NaClO4/ACN monomer free solution at 100 mVs
-1
. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure D.2 Electrochemical coating of 10
-3
M [N-MPy]0 and 10
-3
M [N-MCz]0  using 
multiple (50 cycles) in KClO4/ACN monomer free solution at 100 mVs
-1
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